INTRODUCTION {#S1}
============

Distinct sexual phenotypes (*e.g.* male and female) are one of the most widespread forms of segregating phenotypic variation among vertebrates, and possibly all eukaryotes. Although mechanisms underlying vertebrate sex determination remain largely unknown, the available evidence suggests incredible diversity among and within each of the major groups. Sex determination in fishes ranges from Mendelian to polygenic, but in some cases, sex is entirely determined by environmental factors ([@R3]; [@R11]; [@R29]). Environmental sex determination and sex chromosomes are distributed throughout reptilian phylogeny, suggesting independent evolutionary losses and gains, but conserved mechanisms are known for crocodilians (temperature) and birds (chromosomal sex determination) ([@R35]; [@R12]; [@R41]; [@R48]; [@R33]; [@R32]). Of all the major vertebrate groups, sex determination is perhaps the most conserved among placental mammals, however even within this group there are a few interesting exceptions to the SRY gene rule ([@R49]; [@R24]; [@R53]; [@R38]). Given the amazing diversity in sex-determining mechanisms that are observed among vertebrates, it is expected that studies of additional groups will not only reveal new diversity, but will also elucidate conservative aspects of sex-determining and sex-differentiating pathways that characterized the ancestral vertebrate condition.

The vast majority of, if not all, amphibian species are thought to exhibit genetic modes of sex determination, however several evolutionary transitions between ZW and XY type sex-determining mechanisms (heterogametic females or males respectively) may have occurred ([@R19]; [@R44]; [@R18]; [@R58]; [@R34]; [@R13]). Under chromosomal sex determination, sexual differentiation depends upon the inheritance of a homologous (ZZ or XX) or heterologous (ZW or XY) pair of sex chromosomes. Alternate modes of sexual differentiation are determined by presence or absence of one or more loci between sex chromosomes, or by gene dosage. In either case, alternate sexual phenotypes (male and female) are expected to segregate as simple Mendelian traits, with a resulting 1:1 sex ratio among siblings of a large cross. While results consistent with a simple Mendelian mode of inheritance have been observed in the few amphibian species examined to date, non-Mendelian segregation of sexual phenotypes has also been observed (*Pleurodeles waltl*: [@R8]; *Rana* and *Hyla spp*: [@R42]). These studies suggest that sex determination in some amphibians may depend upon more than a single, segregating genetic factor.

Salamanders of the genus *Ambystoma* are important amphibian models for studying development, ecology, and evolution, and with the recent development of a complete genetic map for *Ambystoma* the prospects of understanding the genetic basis of biologically important trait variation has become a reality ([@R57]). A number of developmental and cytogenetic experiments have established that sex is specified by a ZW type mechanism of chromosomal sex determination in *Ambystoma mexicanum* ([@R22]; [@R26]; [@R23]; [@R5]; [@R1]; [@R9]) and possibly *A. tigrinum tigrinum* ([@R9]) and members of the *A. jeffersonianum* species complex ([@R45]). In addition, sex ratios suggest a single gene basis for sex determination in the laboratory strain of *A. mexicanum* ([@R22]; [@R26]; [@R23]; [@R1]). However, this hypothesis has not been tested with molecular markers and no sex determining genes have been mapped.

In this study, we revaluate the hypothesis that sex segregates in a 1:1 ratio when crossing tiger salamander species complex members (*sensu* [@R46]). We report segregation ratios of males and females that are largely consistent with the presence of a single sex-determining factor in the previously described WILD2 ([@R57]) backcross mapping family (wild collected *A. mexicanum*/*A. t. tigrinum* X wild collected *A. mexicanum*) as well as a new "wild" *A. mexicanum* X "lab" *A. mexicanum* F2 intercross (MEX1). To localize the major sex-determining factor to the *Ambystoma* genetic map, the WILD2 cross was genotyped for 156 previously developed markers ([@R51]). The analysis identified a single nucleotide polymorphism (*E24C3*, Linkage Group 5) with alleles that associate with male and female phenotypes. Two additional molecular markers were then developed to track segregation of *E24C3* alleles within the MEX1 cross. As was observed for the WILD2 cross, segregating genotypes for *E24C3* were strongly associated with segregating sex phenotypes in MEX1. Although we note a slight female bias in some crosses, our results validate the existence of a single Mendelian locus (*ambysex)* that acts as a primary sex-determining factor in *A. mexicanum*. We also note that patterns of recombination between the mapping panels suggest little differentiation of Z and W sex chromosomes, thus implying a recent origin for this sex determining system.

MATERIALS AND METHODS {#S2}
=====================

Genetic Strains and Crosses {#S3}
---------------------------

Two crosses were used in this study: WILD2 and MEX1. The cross WILD2 was generated by backcrossing female F1 hybrids between *A. mexicanum* and *A. t. tigrinum* to male *A. mexicanum* to generate nine closely related families ([Table 1](#T1){ref-type="table"}). See [@R57] for a detailed description of the crossing design and rearing conditions that were used to generate WILD2. Two strains of *A. mexicanum* were used to generate the MEX1 cross. A female from the laboratory strain of *A. mexicanum* that is maintained by the *Ambystoma* Genetic Stock Center (<http://www.ambystoma.org/AGSC/>) was crossed to a strain that was more recently derived from the single natural population of *A. mexicanum* that occurs in Lake Xochimilco, Mexico D.F., Mexico. Two of the resulting F1 offspring were then mated to generate the MEX1 cross.

Rearing conditions {#S4}
------------------

At approximately 20 days post-fertilization, larvae were released from their eggs and placed individually in 5 oz paper cups of 20% Holtfretter's solution ([@R2]). Throughout the course of these experiments all individuals from each of the mapping panels were maintained in a single room within which the temperature fluctuated from 19--22°. Individuals were reared in separate containers and rotated within the room after water changes to reduce effects of spatial temperature variation. Larvae were fed freshly hatched *Artemia* twice daily for their first 30 days post-hatching. After day 20 their diet was supplemented with small (\<1cm long) California black worms (*Lumbriculus).* During this time, individuals were provided with fresh water and cups after every third feeding. On day 30 larvae were transferred to 16 oz plastic bowls, after which they were fed exclusively California black worms and water was changed every third day. Finally, at 80 days post-fertilization, all individuals were transferred to 4 L plastic containers and were otherwise maintained under the same regime as the previous 50 days.

Phenotypic Scores {#S5}
-----------------

### WILD2 {#S6}

The majority of WILD2 offspring were euthanized upon completion of metamorphosis or at day 350. At this time, individuals were dissected, tissue samples (liver and/or blood) were harvested for DNA isolation, and gonads were examined to identify each individual's sex phenotype. Individuals with gonads consisting of a membrane surrounding translucent (immature ova), or opaque/pigmented (more mature ova) spheres were classified as females. Individuals with gonads appearing as opaque-ovoid (immature testes) or lobed (more mature testes) structures were classified as males. Individuals metamorphosing early in the experiment often could not be unequivocally assigned to either sex ([@R21]; [@R16]); these individuals were classified as immatures. Gonads of immatures appeared as a thin strip of tissue (undifferentiated gonadal primordia or early stages of differentiation) adjacent to the abdominal fat bodies. A few individuals were not euthanized and are currently being maintained for use in future studies. For these individuals, sex was scored after the development of secondary sexual characteristics. In particular, the cloacal opening of male ambystomatids is much longer than that of females and male cloacal lips are several times larger than those of females. Dissected animals invariably corroborated cloacal sex scores. Sex was identified for a total of 360 WILD2 individuals within this study.

### MEX1 {#S7}

Sex phenotypes for the MEX1 cross were scored in the same manner as described for the WILD2, except that all animals from this cross remained paedomorphic and all individuals were scored at day 310 post fertilization. At this age, all animals had completed gonadal differentiation and sex phenotypes were unequivocally identified for all 93 individuals.

Genotyping {#S8}
----------

Based on previous studies, which suggested that the sex-determining gene of ambystomatids resides on one of the smaller chromosomes (*A. mexicanum* and *A. t. tigrinum* -- Brunst and Haschuka, 1963; [@R9]; *A. jeffersonianum* species complex -- [@R45]), an initial screen for the sex-determining factor was targeted to the five smallest linkage groups, LG10 -- LG14 ([@R51]). In this screen, 54--161 individuals of known sex phenotype (\>195 days old) were genotyped for 23 molecular markers that were broadly scattered across these linkage groups ([Supplementary Tables 1](#SD3){ref-type="supplementary-material"} and [2](#SD4){ref-type="supplementary-material"}). A second screen targeted the remaining 9 linkage groups of the map. This screen used an initial panel of 24 paedomorphs and late-metamorphosing individuals (12 males and 12 females) from WILD2.3 and targeted 124 previously described genetic markers ([@R51]) that were spaced at roughly 30 cM intervals ([Supplementary Tables 1](#SD3){ref-type="supplementary-material"} -- [3](#SD5){ref-type="supplementary-material"}). Based on analyses of genotypes from the initial screens, *E24C3* and *E26C11* were also genotyped for a larger subset of the WILD2 panel (N=375 for *E24C3*; N = 74 for *E26C11*).

Three novel genetic markers were developed for this study, using previously described methods ([@R51]). One of these probes (E26C11_329_3.1_A/G --GGGTTCTCTCAATGAACTGTATGTTGATTG) was designed to genotype the marker *E26C11* in WILD2. Two additional fluorescence polarization probes were developed to genotype the *E24C3* marker fragment in the MEX1 cross (E24C3_79_3.1_G/A --CTGTGGTGTATTCGAACATGTCGC, and E24C3_318_3.1_G/A --AGGGCCTTCACATATTTTTCTGCAAAATAT). Polymorphisms segregating in the WILD1 cross were identified by sequencing *E24C3* PCR amplicons from the P1 and F2 founders. These markers were genotyped using standard primer extension and fluorescence polarization protocols (Perkin Elmer, AcycloPrime -FP chemistry and Wallac, Victor3 plate reader) (*e.g.* [@R7]; [@R20]; [@R15]).

Statistical Analyses: Segregation of sex {#S9}
----------------------------------------

Sex ratios within crosses were examined for fit to a 1:1 ratio expected under single locus sex determination, using G tests ([@R52]). Because WILD2 consisted of several crosses, tests for homogeneity (G ~heterogeneity\ (h)~) among crosses and fit to a 1:1 sex ratio in the data pooled across crosses (G~pooled\ (p)~), were performed in addition to tests for fit to a 1:1 sex ratio for individual crosses (G) ([@R52]). Lack of fit to a 1:1 sex ratio would suggest that genetic factors, in addition to a single locus, might contribute to sex determination in *Ambystoma*.

Association analyses {#S10}
--------------------

Likelihood ratio statistics (LRS) for association of phenotypic variation with genotypic inheritance were estimated using the interval mapping and marker regression functions of MapManagerQTXb19 ([@R30]). Significance thresholds for interval mapping were obtained through 10,000 permutations of trait values among backcross progeny.

RESULTS {#S11}
=======

Segregation of Sex {#S12}
------------------

### WILD2 {#S13}

The sex of 360 WILD2 individuals was identified by gonadal and/or cloacal morphology. All remaining larvae (N = 137) were scored immature. The ratios of males to females from 8 of 9 crosses were consistent with a 1:1 ratio expected under the hypothesis that a single locus specifies sex in *Ambystoma* ([Table 1](#T1){ref-type="table"}). A significantly female-biased sex ratio was observed in Cross 1 (G = 8.26, DF = 1, P = 0.004) and non-significant female bias was observed in 5 other crosses. Sex ratios among crosses were not significantly heterogenous (G~h~= 8.06, DF = 8, P = 0.427); therefore, data for sex were pooled and tested for fit to 1:1. Pooling of female-biased sex ratios among individual crosses revealed an overall female-biased sex ratio (203 females and 157 males) that deviated significantly from 1:1 (G~p~= 8.06, DF = 1, P = 0.015, N = 360).

### MEX1 {#S14}

Sex phenotypes were obtained for a total of 93 individuals from the MEX1 cross: 46 males and 47 females. As was observed for the majority of WILD2 crosses, the sex ratio in MEX1 is consistent with a 1:1 ratio expected under the hypothesis that a single locus specifies sex in *Ambystoma* (G = 0.01, DF = 1, P = 0.917, N = 93).

Segregation of Molecular Markers in WILD2 {#S15}
-----------------------------------------

A total of 159 markers were genotyped for the WILD 2 cross. The distribution of these markers across the linkage map ([@R51]) indicates that 92% of map is within 30cM of at least one molecular marker and 73% of the map is within 15cM. Most of the regions that were not covered by this screen are represented only by anonymous (AFLP) markers. Segregation ratios of molecular markers deviated from 1:1 less often than expected based on the distribution of values for the χ^2^ test for 1:1 segregation ([Supplementary Figure 1](#SD4){ref-type="supplementary-material"}). A similar pattern of deviation from χ^2^, towards unity, was observed in a previous study that mapped the same markers using independently generated crosses ([@R51]). These results show that the segregation of molecular markers in *A. mexicanum* x *A. t. tigrinum* interspecific crosses is not distorted.

Linkage Analysis of Sex in WILD2 {#S16}
--------------------------------

Genetic screens for sex-associated regions of the *Ambystoma* genome identified a single marker (*E24C3*) that was completely associated with segregation of sex phenotypes in the subpopulation of 24 WILD2 offspring that were used for the initial genome scan. This marker is the most terminal gene/EST based marker at one tip of LG5. The WILD2 mapping family was generated using a backcross mating design, therefore individuals segregated two genotypes for the *E24C3* marker, *E24C3^G/G^* (homozygous for the *A. mexicanum* genotype) and *E24C3 ^G/A^* (*A. mexicanum*/*A. t. tigrinum* heterozygotes) ([Table 2](#T2){ref-type="table"}). The male phenotype was associated with inheritance of the heterozygous *E24C3 ^G/A^* genotypes, whereas the female phenotype was associated with inheritance of the homozygous *E24C3^G/G^* genotype. The pattern of segregation of *E24C3^G/G^ vs. E24C3 ^G/A^* genotypes is consistent with the previously demonstrated ZW (heterogametic female) sex-determining mechanism of *A. mexicanum* ([@R22]; [@R26]; [@R23]; [@R1]), given that the P1 *A. mexicanum* and the F1 hybrid were females (respectively, Z*^A.\ mexicanum^* ^(^*^A.mex^*^)^/W *^A.mex^* and Z*^A.\ t.\ tigrinum^* ^(^*^A.t.t^*^)^/W *^A.mex^*) and the P1 *A. t. tigrinum* and P2 *A. mexicanum* were males (respectively, Z *^A.t.t/^*Z *^A.t.t^* and Z *^A.mex^*/Z *^A.mex^*). Backcross progeny can therefore only inherit two genotypes (Z *^A.mex^*/Z *^A.t.t:^* male) or (Z *^A.mex^*/W *^A.mex:^* female). According to this model, second generation females inherited a W *^A.mex^* locus, and frequently, a linked *E24C3^G^* (*A. mexicanum*) allele from their F1 mother.

To further resolve the position of the sex-associated region on LG5, larger panels of late-metamorphosing individuals (at least 175 days old at metamorphosis) were genotyped for the *E24C3* marker (N = 221) and the flanking marker E26C11 (N = 74). Again, segregating genotypes for these markers were strongly associated with segregation of the sexes (E24C3: LRS = 220, P \< 1E-5; E26C11: LRS = 13.8, P = 2E-4) ([Table 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). Based on these genotypes, the most likely position for a single sex determining locus is 10.6 cM distal to the position of *E24C3* on LG5 ([Figure 1](#F1){ref-type="fig"}).

With sex locus markers in hand, we determined *E24C3* genotypes for the 154 early-metamorphosing individuals (\<175 days old at metamorphosis), that either possessed morphologically undifferentiated gonads or were in early stages of morphological differentiation. Among these animals there were 79 *E24C3^G/G^* homozygotes (presumptive females) and 75 *E24C3^G/A^* heterozygotes (presumptive males) ([Table 2](#T2){ref-type="table"}). This sex ratio is slightly female biased, but not different from 1:1 (χ^2^ = 0.1, P = 0.75, DF = 1). Thus, these previously missing phenotypes are consistent with the observed pattern of female-biased sex ratios in WILD2. We also note no significant correlation was observed between age at metamorphosis and E24C3 genotype when all 338 metamorphic individuals were considered (T = 1.14, P = 0.26, DF = 336). Thus, there is no evidence of an effect of sex on metamorphic timing under our rearing conditions.

Association Between E24C3 and Sex in MEX1 {#S17}
-----------------------------------------

We extended the previous mapping results to the intraspecific level by testing the hypothesis that E24C3 is linked to the sex-determining factor in the species *A. mexicanum*. To test this hypothesis, 85 individuals from the cross MEX1 were genotyped for two SNPs that segregated within the *E24C3* marker fragment. Genotypes for *E24C3* were strongly associated with segregation of male and female phenotypes in the MEX1 panel ([Figure 2](#F2){ref-type="fig"}) (for E24C3^318^ -- LRS = 20.3, P = 1*E*^−5^, N = 85; for E24C3^79^ -- LRS = 25.0, P \< 1*E*^−5^, N = 85). As was the case in the WILD2 mapping family, the pattern of association in the MEX1 cross is consistent with the previously demonstrated ZW sex-determining mechanism of *A. mexicanum* ([@R22]; [@R26]; [@R23]; [@R1]) ([Figure 2](#F2){ref-type="fig"}). Using MEX1, the distance between *E24C3* and the sex-determining factor is estimated at approximately 5.9 cM. This is similar to the estimate obtained using the WILD2 panel.

DISCUSSION {#S18}
==========

Localization of a major sex-determining factor of *A. mexicanum* {#S19}
----------------------------------------------------------------

Localization and inheritance of a single sex-determining factor in *A. mexicanum* is consistent with results from previous genetic studies of sex-determination. Previous studies firmly established a ZW type sex-determining mechanism for *A. mexicanum* ([@R22]; [@R26]; [@R23]; [@R1]) and linkage analyses showed that the sex-determining factor is not linked to a centromere ([@R26]; [@R1]). The patterns of association between *E24C3* and sex are consistent with segregation of a female specific "W" locus and the terminal location of *ambysex* on LG 5 indicates it is very distant from the centromere, as all of the larger chromosomes are metacentric in *Ambystoma* ([@R6]). The sex-linked region of LG 5 corresponds to human chromosome 2 ([@R50]). We have not yet identified a definitive ortholog for *E24C3*.

It is curious that *ambysex* maps to one of the larger linkage groups in the genome. The estimated length of the smallest linkage group of the *Ambystoma* map (LG14 = 125.5 cM) is considerably smaller than LG5 (292 cM). Prior to our study, the data were equivocal with regards to the location of the sex-determining locus and whether this locus was associated with dimorphic sex chromosomes. Two cytogenetic studies previously reported subtle heteromorphisms of the smallest chromosome pair that were consistent with ZW segregation (Haschuka and Brunst, 1965; [@R9]). However, other analyses of tiger salamander (*A. mexicanum* and *A. t. tigrinum*) karyotypes do not report sex-specific heteromorphisms ([@R37]; [@R10]), and [@R6] disputed their existence. Our results support the idea that the sex-determining locus is on one of the larger chromosome pairs. By logical extension, this suggests that the Z and W chromosomes of *A. mexicanum* are not morphologically differentiated to any appreciable degree.

Recombination rates in the *ambysex*-linked region imply a recent origin for *ambysex* {#S20}
--------------------------------------------------------------------------------------

Previously published linkage analyses were based on recombination that occurred in the testes of male (presumably ZZ) F1 hybrids between *A. mexicanum* and *A. t. tigrinum* ([@R56]; [@R51]). Estimates of linkage distance in WILD2 are based on female (ZW) recombination, and estimates of linkage distance in MEX1 are based on recombination in both sexes. Divergence of tiger salamander Z and W chromosomes should tend to reduce recombinational distances in female meiosis relative to male meiosis. The recombinational distance between *E24C3* and a Mendelian *ambysex* locus in WILD2 is similar to the frequency of recombination between *E24C3* and *ambysex* in the male and female F1s that founded MEX1 ([Table 2](#T2){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}). Moreover, the estimated ZW recombinational distance between *E24C3* and *E26C11* was 30.2 cM in WILD2, higher than the estimated ZZ recombinational distance (13.6 cM) for these same loci in AxTg ([@R51]). In the few other cases where recombination frequencies have been characterized for young (\~10 million year old) sex chromosomes (*e.g.* medaka: [@R25]; stickleback: [@R39]; and papaya: Lui *et al*, 2004; [@R28]) the frequency of recombination in the 30--100 cM adjacent to the sex-determining factor is substantially reduced within the heterogametic sex, relative to the homogametic sex. Given the lack of evidence for differences in recombination frequency in this study, the recent radiation of the tiger salamander species complex ([@R47]), and the lack of convincing cytogenetic evidence for structurally differentiated sex chromosomes in the tiger salamander lineage, it stands to reason that the *ambysex* locus arose quite recently, perhaps within the last 5--10 million years.

Female bias in WILD2 {#S21}
--------------------

Although the evidence is strong for the presence of a major sex-determining locus in WILD2, the observation of slight, but consistent, female bias indicates that additional factors may have also influenced segregation of sex in this mapping family. It is interesting to note that sex bias in WILD2 is in the opposite direction of biases that might be expected to arise from hybrid incompatibilities that depend on the hemizygous inheritance of a differentiated Z chromosome (Haldane's Rule: [@R40]; [@R55]). It is also notable that in WILD2 and MEX1, the number of females with presumptively recombinant genotypes (N = 23 *E24C3 ^G/A^* females in WILD2) is greater than the number of presumptively recombinant males (N = 11 *E24C3 ^G/G^* males in WILD2). The greater number of females might reflect the presence of additional genetic factors that cause ZZ individuals to develop as females, or an increased mortality of male recombinants during pre-hatching stages. Identification of markers that are more tightly linked to the sex-determining locus, or the sex-determining locus itself, should ultimately permit recombinant individuals to be differentiated from potentially sex-reversed individuals.

It is also possible, though perhaps less likely, that female-biased sex ratios were generated as a result of environmental conditions under which WILD2 offspring were reared. Although all WILD2 individuals experienced very similar environmental conditions, it is formally possible that these conditions increased the probability that individuals developed as females, irrespective of genotype. Temperature is known to affect sex ratio in some salamanders (reviewed by [@R58]), but only at extreme levels that are not encountered during normal laboratory culture. Perhaps more importantly, the only study to test for environmental effects on sex ratios in *Ambystoma* found no deviation from a 1:1 sex ratio in *A. tigrinum* or *A. maculatum* reared at 13 or 22° ([@R16]), which encompasses the range of temperature variation within this study. Thus, it seems unlikely that the observed slight female bias was caused by rearing temperature in WILD2 crosses. With validated markers for sex, it is now possible to systematically test for environmental or effects on sex determination in *A. mexicanum* and possibly other members of the tiger salamander species complex.

Sex and the biology of ambystomatid salamanders {#S22}
-----------------------------------------------

Results from WILD2 indicate that the genetic sex-determining mechanism of *A. mexicanum* functions within the genomes of F1 hybrids between *A. mexicanum* and *A. t. tigrinum* and their backcross offspring. This suggests that the genetic sex determining mechanism of *A. mexicanum* is likely to be conserved in the many closely related species that comprise the tiger salamander species complex. Tiger salamanders are important models for studying development (*e.g.* [@R31]; [@R36]; [@R60]), ecology (*e.g.* [@R54]; [@R14]; [@R4]), and evolution (*e.g.* [@R57]; [@R43]; [@R59]). Thus, the sex-markers described in this study will open many new avenues of research and allow better management of laboratory populations. For example, it should be straightforward to develop orthologous markers for other closely related tiger salamanders and determine whether sex-determining mechanisms are conserved or different. Studies of more distantly related taxa are also needed (*e.g.* [@R34]; [@R13]) to fully characterize the evolution and diversity of sex-determining mechanisms in amphibians.

Supplementary Material {#S23}
======================
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![Plot of Likelihood Ratio Statistics (LRS) for association between segregation of sex phenotypes and marker genotypes on LG5 (WILD2)\
Horizontal lines represent (from bottom to top) linkage group-wide LRS thresholds for suggestive (37th percentile), significant (95th percentile), and highly significant (99.9th percentile) associations (Lander and Kruglyak, 1995) estimated using MapMaker QTXb19 and 24 --74 informative progeny.](nihms89846f1){#F1}

![Diagram of the crossing design that was used to generate the MEX1 cross and segregation of *E24C3* marker genotypes and Z/W alleles of the *ambysex* locus in this crossing design\
The numbers of individuals that inherited each multilocus genotype are in parentheses. M = male, F = female. *E24C3* SNP markers are on the same PCR fragment.](nihms89846f2){#F2}

###### 

Segregation of sex among backcross progeny and corresponding G tests for goodness of fit to a 1:1 sex ratio.

  Cross   Male   Female   Proportion Test   df[1](#TFN1){ref-type="table-fn"}   G   p       
  ------- ------ -------- ----------------- ----------------------------------- --- ------- -------
  1       19     41       0.68                                                  1   8.26    0.004
  2       17     23       0.58                                                  1   0.90    0.342
  3       18     13       0.42                                                  1   0.81    0.368
  4       21     24       0.53                                                  1   0.20    0.655
  5       22     23       0.51                                                  1   0.02    0.881
  6       26     36       0.58                                                  1   1.62    0.203
  7       16     20       0.56                                                  1   0.45    0.505
  8       13     13       0.50                                                  1   0.00    1.000
  9       5      10       0.67                                                  1   1.70    0.192
  Total   157    203      0.56              Total                               9   13.96   0.124
                                            Pooled                              1   5.89    0.015
                                            Heterogeneity                       8   8.06    0.427

-- Degrees of freedom.

###### 

Segregation of *E24C3* genotypes and sex phenotypes in a subset of the WILD2 cross.

  Sex                    *E24C3^G/G^*   *E24C3^G/A^*
  ---------------------- -------------- --------------
  Female                 160            23
  Male                   11             117
  Early-Metamorphosing   79             75

###### 

Segregation of *E26C11* genotypes and sex phenotypes in a subset of the WILD2 cross.

  Sex      *E26C11^A/A^*   *E26C11^A/G^*
  -------- --------------- ---------------
  Female   24              14
  Male     8               28

[^1]: Current address: University of Washington, Department of Genome Sciences, Seattle, WA 98195 and Benaroya Research Institute at Virginia Mason, Seattle, WA 98101
